Abstract: Despite a potential of infrared neural stimulation (INS) for modulating neural activities, INS suffers from limited light confinement and bulk tissue heating. Here, a novel methodology for an advanced optical stimulation is proposed by combining near-infrared (NIR) stimulation with gold nanorods (GNRs) targeted to neuronal cell membrane. We confirmed experimentally that in vitro and in vivo neural activation is associated with a local heat generation based on NIR stimulation and GNRs. Compared with the case of NIR stimulation without an aid of GNRs, combination with celltargeted GNRs allows photothermal stimulation with faster neural response, lower delivered energy, higher stimulation efficiency and stronger behavior change. Since the suggested method can reduce a requisite radiant exposure level and alleviate a concern of tissue damage, it is expected to open up new possibilities for applications to optical neuromodulations for diverse excitable tissues and treatments of neurological disorders. Hollenberg, M.-E. Lee, and E. Haber, "Thy-1, a novel marker for angiogenesis upregulated by inflammatory cytokines," Circ. Res. 82(8), 845-851 (1998). 37. S. Tandon, N. Kambi, and N. Jain, "Overlapping representations of the neck and whiskers in the rat motor cortex revealed by mapping at different anaesthetic depths," Eur. J. Neurosci. 27(1), 228-237 (2008). 38. M. Brecht, M. Schneider, B. Sakmann, and T. W. Margrie, "Whisker movements evoked by stimulation of single pyramidal cells in rat motor cortex," Nature 427(6976), 704-710 (2004).
Introduction
Among a variety of external sources employed to modulate a neural membrane potential, electrical stimulation has been the gold standard due to good controllability and high reliability [1] . However, as electrical stimulation suffers from limited spatial precision by inherent electric field spreading and inevitable invasiveness for charge delivery [2] , alternative strategies such as magnetic [3, 4] , mechanical [5] , and optical [2, [6] [7] [8] methods have been suggested to modulate neural activities in central and peripheral nervous systems.
As one of the most promising neuro-modulation techniques, optical stimulation has increasingly gained popularity in the last decade, allowing contact-free and electrical artifactfree stimulation with a spatiotemporally precise control [2, [6] [7] [8] . In particular, optogenetic method uses light to excite or inhibit genetically targeted neural cells with a high spatiotemporal resolution [7, 8] . Although it is an excellent tool for preclinical breakthroughs, optogenetics is still unavailable in clinical use owing to controversial issue of genetic manipulation in human. On the other hand, infrared neural stimulation (INS) enables us to control neural activities by delivering infrared light energy into the target neural cells without genetic modification [2, 6, 9, 10] . While the underlying mechanism is not clear yet, it has been hypothesized that infrared light can excite or inhibit neural cells depending on the thermal gradient at the cell membrane [4, 6, [11] [12] [13] [14] . However, conventional INS incorporating infrared wavelength in the range of 1450 -2200 nm has been in trouble with tissue damage due to strong water absorption [15] . Although tissue damage is different for the stimulation strategy and condition [16] , possible tissue damage due to light absorption by a bulk tissue is still existing [15, 17] . A visible light is also available [18] , but its low skin transparency can restrict the potential for non-or minimally invasive neural stimulation. Near-infrared (NIR) light with a longer penetration depth is thus considered appropriate for an efficient temperature rise in the target tissue since cells are more transparent in this wavelength [19] .
Metallic or magnetic nanoparticles interacting with electromagnetic waves have been utilized to modulate cellular functions through a conversion of external optical [20] or magnetic [4, 21] energy into a thermal heat. Illuminating gold nanorods (GNRs) at their resonant wavelengths leads to efficient light absorption and local electromagnetic field enhancement, finally realizing a plasmonic nanoheater [22] [23] [24] . Since plasmonic nanoheaters can efficiently elevate local temperature, INS combined with GNRs has a potential for improving an optical activation or inhibition of neuronal metabolisms [18, [24] [25] [26] while avoiding tissue damage by excessive heating. Previously, we presented that an optical neural stimulation using NIR light incorporating plasmonic nanoheaters injected in a proximity of neuron cells could significantly enhance the neural responses of a rat sciatic nerve in vivo [24] . However, unconjugated nanoparticles might be ineffective when they are washed off by extracellular fluid flow. Strongly bound nanoparticles to the target are more critical in central nervous system (CNS) because body fluid such as cerebrospinal fluid (CSF) in CNS flows continuously through living cells to dump out the metabolic wastes [27] [28] [29] . While membrane localization of nanoparticles was previously reported [26] , for example, GNRs were designed to have a positive charge on the surface to bind with a negatively charged plasma membrane of neuronal cell, a target-specific binding for selective neuromodulation is not feasible.
Hence, in this study, an advanced NIR stimulation is suggested based on surface-modified nanoheaters of GNRs that are targeted to neural cell membrane. Bound GNRs based on antigen-antibody complex can offer not only a strong affinity but also a target-dependent specificity that could be used in cell-specific targeting of GNRs. Here, GNRs are attached to a membrane of cultured hippocampal neuron, and the neural responses evoked by NIR irradiation are measured. The stimulation threshold and the neural unit responses such as stimulation efficiency and latency are compared with the result of a conventional NIR stimulation without GNRs. Moreover, we demonstrate that the proposed stimulation strategy is feasible for evoking a movement of rat whisker in vivo. It is expected that our study could provide new possibilities for optical neuromodulation and treatment of neurological disorders.
Experimental methods

Cell culture
Hippocampi are dissected from Sprague-Dawley rat embryos (E19) under sterile conditions in accordance with the animal research guidelines of Use Committee of the Institute of Laboratory Animal Resources at Ewha Womans University (IACUC No. 15-045). Cells are dissociated using 5% trypsin-EDTA for 15 mins prior to trituration and then are plated at 1,800 cells/mm 2 on multi-electrode arrays (MEAs, MultiChannel systems, Reutlingen, Germany) coated with poly-L-lysine (P4707, Sigma-Aldrich, St. Louis, MO, USA) [30, 31] . Culture of hippocampal cells for 2 to 3 weeks is found to provide tightly synchronized periodic bursting, which is advantageous for distinguishing spontaneous activity from optically evoked activity [31, 32] . The culture medium refers to the method by Brewer et al.; Neurobasal medium (NEUROBASAL Medium, 21103, GIBCO, CA, USA) with B-27 supplement (17504-044, GIBCO, CA, USA), 2 mM glutamax (35050, GIBCO®, CA, USA), and antibiotics (15240, Life technologies, Carlsbad, CA, USA) [33] . Cultures are kept in an incubator at 36.5°C at 5% CO 2 . 
Conjugation of GNRs to neuronal cell membrane
Biotinylated antibody is employed to target the neuron cell membrane combined with streptavidin-conjugated GNRs ( Fig. 1(a) ). As it has been well known that Thy-1 antigen exists as a glycosylphosphatidylinositol (GPI)-anchored protein on the surface of neuron cells [34, 35] , the neuronal surface is tagged by biotinylated anti-Thy-1 antibody. GNRs covered with streptavidin are intended to bind with biotinylated antibody which is located on the surface of neuron so that GNR-mediated heat could effectively raise the temperature of the neuronal membrane.
At first, structural and optical properties of GNRs are characterized. Streptavidin-coated GNRs (C12-10-980-TS, Nanopartz Inc., Loveland, CO, USA) with a concentration of 3.4 × 10 13 /mL are prepared. The size and shape of GNRs are characterized by transmission electron microscopy (TEM, Libra 120, Carl Zeiss, Germany) and extinction spectrum is measured using a wide-band spectrophotometer (UV-1800, Shimadzu, Japan) to find a surface plasmon resonance peak. As shown in Fig. 1(b) , average values of the length and width of GNRs are measured as 80.4 nm and 15.3 nm, respectively, resulting in the aspect ratio equal to 5.3. For elongated GNRs with two plasmonic resonance modes, as a longitudinal mode at λ = 977 nm along the long-axis is more prominent for photothermal effect than a transverse mode at λ = 505 nm, pulsed infrared laser with a wavelength of λ = 980 nm is chosen as a light source of NIR simulation. While extinction peak of GNR is adjustable in a wide range of visible and NIR wavelengths depending on the aspect ratio [20] , the use of resonant wavelength in NIR band is considered advantageous in terms of heat generation in a deep tissue [19] .
In order to verify whether streptavidin-conjugated GNRs are well bound to the cell membrane, the distribution of GNRs is visualized according to the following processes: Cultured neuron cells 18 days in vitro ( Fig. 1(c) ) are fixed in warm 4% paraformaldehyde for 15 mins and washed with PBS three times. Subsequently, without perfusion of Triton X-100 which is a routine immunocytochemistry protocol, BSA is applied to prevent a non-reactive binding. Cells are then washed with PBS before incubating in biotinylated anti-Thy-1 antibody (554896, BD Biosciences, San Jose, CA, USA) diluted by 1:100. After washing with PBS three times, streptavidin-coated GNRs (5.1 × 10 11 /mL) are added to form antibodyGNRs complex. Cells are washed three times and incubated with biotinylated FITC (B-1370, Life Technologies, Carlsbad, CA, USA) for staining. Using an inverted microscope (IX71, Olympus, Tokyo, Japan), we visualize the distribution of GNRs. Strong FITC fluorescent signal found at the surface of hippocampal neurons implies a high avidity to anchor the GNRs proximal to the neuronal membrane, avoiding diffusion of GNRs away from the target neurons ( Fig. 1(d) ).
In the following in vitro experiments, we determine an incubation time to minimize an internalization of GNRs by living samples and to form a strong antigen-antibody reaction for stable attachment of GNRs. From the previous reports, we find that anti-Thy-1.1 antibody generally requires at least an hour to bind to the cell membrane [34, 36] . Hence, we set an incubation time of antibody-conjugated GNRs at 2 hours to realize a strong and stable attachment. Figure 2 illustrates the schematic of neural stimulation and recording system based on MEAs. Cultured hippocampal neurons are exposed to 980 nm laser pulses generated from fibercoupled laser diode. At the end of optical fiber, collimator and focusing lens are mounted to yield a focused NIR beam spot with a diameter of 400 μm. Optically evoked neural responses are recorded via MEA electrical recording system consisting of pre-amplifier, band-pass filter, and data acquisition board.
Stimulation and recording system for cultured hippocampal neuron in vitro
Cultures incubated in the MEA are transferred to a recording system and visualized through an inverted microscope to obtain a bright field image. We use a glass MEA (MultiChannel systems) with 30 μm diameter titanium nitride for electrode, silicon nitride for insulation layer and transparent indium tin oxide for contact pads and tracks. MEA is composed of 59 electrodes laid out in a rectangular grid with 200 μm inter-electrode spacing. Signals are pre-amplified ( × 1100), filtered in a bandwidth from 1 Hz to 3 kHz by MEA 1060-Inv-BC amplifier (MultiChannel Systems), and digitized using MC-Card (MultiChannel Systems). Neural signal recordings are pre-triggered for 100 ms prior to the electrical/optical Prior to optical stimulation, electrical stimulation and recording are performed in advance to check the neural response to the stimuli. We produce an anodic-first biphasic current stimulation pulse of current level of 20 μA and a width of 200 μs per phase using stimulus generator STG-4008 (MultiChannel Systems). 10 stimulation pulses with a period of 60 s are delivered and the evoked responses of cultured neuron cells are recorded. Subsequently, laser diode with a wavelength of 980 nm which is directly coupled to the 400 μm core optical fiber with numerical aperture equal to 0.14 (Pearl P14 Series, nLIGHT, Vancouver, WA, USA) is used to optically stimulate a neuron. Laser driver PLD 10K-CH (Wavelength Electronics Inc., MT, USA) is used to manipulate the stimulation parameters of the laser. Accurate positioning of NIR stimulation is controlled by monitoring a visible guiding beam through optical microscope. After determining a stimulus area, 10 stimulation pulses with a period of 60 s and a pulse width of 400 μs are delivered and optically evoked responses are recorded. Prior to optical stimulation, the culture medium is replaced with 1.5 mL of artificial cerebrospinal fluid (aCSF, composition (in mM): 124 NaCl, 4.5 KCl, 1.2 NaH 2 PO 4 , 26 NaHCO 3 , 1 MgCl 2 , 2 CaCl 2 , 10 Glucose with 15 mins 5% CO 2 bubbling) and maintained in the incubator (36.5°C, 5% CO 2 ) for 15 mins for stabilization.
Stimulation and recording system for rat motor cortex in vivo
Since photothermal stimulation with NIR light can be optimal for many in vivo applications due to high tissue penetration and lower absorption by hemoglobin as compared to a visible light [19] , combination of NIR irradiation and cell-targeted GNRs are employed to stimulate neurons in a rat motor cortex of whisker region in vivo to evoke whisker movement. For in vivo INS experiments, Spraque-Dawley rat aged 9 weeks (~290 g) is initially anesthetized with intraperitoneal injection of urethane (200 mg/kg). The rat is then placed in a stereotaxic apparatus (51600, Stoelting Co, Wood Dale, IL, USA), and incision is made in the scalp. Using the bregma as the reference point rectangular craniotomy is performed. Antibodyconjugated gold nanorods are prepared and injected to the vibrissae motor cortex in vivo. Injection is conducted using 75 µm diameter glass capillary injection tip (SBB-75X-00, Sunlight Medical, Jacksonville, FL, USA) mounted in a microprocessor-controlled injection system (Nanoliter 2010, World Precision Instruments, Sarasota, FL, USA). Antibody tagged gold nanorods are filled in the glass capillary tip and injected at the rate of 23 nL/s at a position of anteriorly 2.9 mm, laterally 1.5 mm, and 1.0 mm in depth relative to bregma.
Optical stimulation is carried out using above mentioned fiber-coupled laser diode. Fiber is positioned ~2 mm above the brain where nanoparticles are injected (Fig. 3) . The stimulation parameters are 50 ms train of fifteen 1.5 ms pulses at 300 Hz with a pulse intensity of 128 mJ/cm 2 which are determined based on the stimulation parameter of intracortical microstimulation (ICMS) [37, 38] . The pulse duration of the optical stimulus is selected as 1.5 ms at which whisker movement is maximized when it is varied in the range from 0.5 ms to 2.0 ms. A train of stimulus set is given every two seconds. After optical stimulation, electrical stimulation (66.7 ms train of twenty monophasic, negative, 0.2 ms pulses at 300 Hz with amplitude of 2.4 mA) is delivered through tungsten microelectrode where light is delivered to check the functionality after optical stimulation [37, 38] . We videotape whisker movement using CCD camera (C920, Logitech, Lausanne, Switzerland) before and after optical stimulation. Whisker movement is measured by reference to image pixels at fixed x positions in the (x, y) coordinate frame of the camera (to a first approximation, whisker movement is primarily in the y direction). The angular movement of whisker of interest is quantified in a frame-by-frame analysis using MATLAB. Fig. 3 . Experimental setup of optical stimulation and recording system for rat vibrissae motor cortex in vivo. GNRs are injected (anteriorly 2.9 mm, laterally 1.5 mm, and 1.0 mm in depth relative to bregma, indicated by a yellow ellipse) prior to the optical stimulation. Whisker trajectories monitored by CCD camera, angle change between the resting and activating states (indicated by two dotted lines) are extracted.
Results and discussion
NIR stimulation of cultured hippocampal neuron using cell-targeted GNRs
Before demonstrating a neural response associated with NIR stimulation and cell-targeted GNRs, spontaneous activities of cultured neural cells are monitored. Array-wide synchronized burst activities are obtained and a time interval between bursts is presented by an inter-burst interval (IBI) histogram. In Fig. 4(a) , spontaneous burst firing with an average interval of 10.8 s is measured, which indicates that cultures are in the state of development of synaptic connection [32] . Electrical stimulation is delivered to the electrode where strong spontaneous activities are recorded. For electrical stimulation, a neural response is defined as a spike with a peak lower than -12 µV while neglecting the stimulation artifact that appears around 0 s. The first evoked neural response tends to appear in 10-20 ms after the electrical stimulus (Fig. 4(b) ). When stimulus efficiency is defined as a percentage of the number of stimuli evoking action potentials to the total number of applied stimuli, the stimulus efficiency of electrical stimulation is measured to be 100%, verifying a high reliability of electrical neural stimulation. Moreover, from the post-stimulus time histogram (PSTH) shown in Fig. 4(c) , the majority of action potentials occur no later than 150 ms and the latency, time to get the maximum spikes after stimulus, is 25 ms. Having verified the cellular excitability upon external stimuli, optical stimulation without cell-targeted GNRs is performed. Cell medium is replaced with 1.5 mL of aCSF and culture is maintained in the incubator (36.5°C, 5% CO 2 ) for 15 mins. Optical pulse is delivered to the neuron for 400 μs every 60 s while increasing its stimulus intensity to evoke neural depolarization. Note that, the data without cell-targeted GNRs in this study are assumed to include both cases for untreated GNRs and no GNRs. From the previous publication, the photosensitivity results for untreated GNRs and no GNRs showed insignificant difference in the effect of optical stimulation on DRG neurons [18] . It was also demonstrated that perfusion of fresh buffer rapidly washed the nanoparticles out, abolishing their effect. Even without active washing, diffusion of gold nanoparticles away from the neuron cell was sufficient to abolish the optical responses.
The stimulation threshold is defined as the minimum radiant exposure required to evoke action potentials with first three consecutive laser pulses while having stimulus efficiency over the 50%. While stimulating without cell-targeted GNRs, stimulation threshold level is determined to be 46.9 mJ/cm 2 and stimulus efficiency is measured to be ~80%. In Fig. 5(a) , neural responses are synchronized to optical stimulus showing that optically evoked neural activities range over several hundreds of milliseconds. Due to such a wide-spreading firing distribution, the latency of PSTH is increased to 265 ms, which is approximately ten times bigger than the result of electrical stimulation of 25 ms (Fig. 5(b) ).
Subsequently, highly localized GNRs-mediated optical stimulation of neuron is performed by conjugating GNRs to antibodies that specifically bind to external membrane proteins. Neuronal cells are tagged with surface-modified GNRs by replacing aCSF with a cell culture medium containing a mixture of biotinylated anti-Thy-1 antibody (3.3 μg/mL) and streptavidin-conjugated GNRs (2.3 × 10 11 /mL). After 2 hrs of incubation, cells are washed three times thoroughly with aCSF and incubated at 36.5°C and 5% CO 2 for 15 mins for stabilization. The neural activities are evoked as shown in Fig. 4(c) . The GNR-tagged neurons elicit enhanced stimulus efficiency up to 90% at the threshold intensity of 30.1 mJ/cm 2 , which is notably lower than the neurons without conjugation of GNRs. Also, the neural activities are evoked with a reduced latency of 95 ms as presented in PSTH compared to optical stimulation without cell-targeted GNRs (Fig. 5(d) ). Together, these data show that functionalized GNRs bound to the neuronal membrane enable fast optical neuronal depolarization with low laser intensity while displaying high resistance to washout. When GNRs are tightly bound to the membrane, it is likely that direct change in membrane capacitance and/or rapid opening of temperature-sensitive ion channels allows for a relatively faster depolarization than NIR stimulation without cell-targeted GNRs. Especially, localized NIR stimulation by GNRs bound to the target neuron may contribute to minimization of offtarget environmental heating and increase an excitation efficiency for robust stimulation [18] . 
Cortically controlled whisker movement using NIR stimulation and cell-targeted GNRs
Antibody-conjugated GNRs are injected into whisker region of a rat motor cortex and trains of optical pulses are delivered to the target tissue while measuring a whisker movement. In Fig. 6(a) , we find that NIR stimulation with cell-targeted GNRs facilitates a response of whisker oscillation. No significant whisker angle change is observed and an exact value of simulation threshold could not be found when stimulating the motor cortex with no aid of GNRs. While the experimental results for verifying the reproducibility are not shown here, we find that overall trends are consistent, although there is slight difference in the amplitude of angle difference and the delay time to initiate the movement. To check the functionality and the cell viability of stimulation site in motor cortex, optical stimulation is followed by electrical stimulation. Strong stimulus-locked whisker movement is electrically evoked, implying that whisking function remains intact during the courses of NIR stimulation as shown in Fig. 6(b) . Although whisker movement triggered by optical stimulation is fairly weak and slow compared to the results of electrical stimulation, whisker movement in the presence of GNRs clearly shows an enhancement comparing to the case without GNRs. 
Local temperature change induced by NIR stimulation
For optically evoked action potentials, it has been hypothesized that temperature elevation localized at a neuron cell can depolarize the membrane potential by directly changing membrane capacitance or opening temperature-sensitive ion channels [4, 11] . Thus, local heat generation by GNRs and rapid heat dissipation is important for spatiotemporally precise stimulation of neuronal activity. In order to measure the temperature change induced by NIR stimulation combined with GNRs, FITC bound to GNRs is employed because its fluorescent intensity is proportional to the temperature change of surrounding medium [4, 39] . Therefore, the temperature dependence of biotinylated FITC is characterized in aqueous solutions. While the solution containing FITC is slowly heated in a custom-made chamber equipped with a temperature controller (TC02, MultiChannel systems), the fluorescent intensity is recorded with high sensitive CCD camera (Zyla 5.5 sCMOS, ANDOR, UK) and the average fluorescent intensity in a region of interest is obtained during temperature change. Figure 7 (a) shows a linear decay of normalized fluorescent intensity with an increasing temperature. Linear regression analysis shows that fluorescent intensity as a function of temperature change is determined to be y = -0.0047x + 1.002 and R 2 = 0.9852. Fit line obtained is used to estimate the time-varying temperature characteristic.
After finding the relation between temperature change and fluorescent intensity, we measure the temperature change due to the laser exposure. We enclose 10 μL solution containing biotinylated FITC (1 mg/mL) bound to GNRs (1.7 × 10 11 /mL) between a microscope slide glass and a cover glass (Marienfeld-Superior, Lauda-Königshofen, Germany). Laser beam with a radiant exposure 190 mJ/cm 2 and a pulse width of 400 μs is irradiated on the thin sandwiched sample and fluorescent signals are collected during 10 ms before and 100 ms after the onset of optical stimulation with a frame rate of 500 frames per seconds. Fluorescent intensity of each image is averaged and converted into average temperature. When a solution containing biotinylated FITC bound to GNRs is irradiated by the laser, the temperature rapidly increases up to 5°C within 20 ms and returns to the base level room temperature immediately (Fig. 7(b) ). On the other hand, no significant temperature change occurs in the solution without GNRs. This indicates that local temperature increases by illuminating GNRs can induce a selective and localized heating of neuron cells depending on the presence of GNRs and contribute to a rapid and spatiotemporally precise optical stimulation of neuron cells. 
Discussion
We discuss that the latency measured while stimulating neurons without cell-targeted GNRs is delayed compared to the latency measured in the case of cell-targeted GNRs (Fig. 5) . It is possible that the latency is delayed by the prolonged activation of neurons due to the residual heat near the cells after bulk tissue heating. Otherwise, there may exist different underlying mechanisms between optical stimulation with and without GNRs. When stimulating neuron with cell-targeted GNRs, GNRs that bound to cell surface generate localized heat to triggers neural activities. However, without GNRs, high laser intensity is needed to stimulate the neurons which cause bulk heating of cells. We speculated that the bulk heating could induce transient membrane capacitance change of not only the cell surface membrane but also the membrane of intracellular organelles. Some intracellular organelles such as endoplasmic reticulum or mitochondria, where calcium is stored, dynamically participate in generation of intracellular calcium signals enhancing neuronal activities [40] . The light-induced activation of intracellular organelles can trigger intracellular signaling via the increase of intracellular calcium concentration. This hypothesis is consistent with the delayed latency because the intracellular calcium signaling is known to be slow compared to inward calcium influx through voltage-gated calcium channels activated by action potentials [41].
Conclusion
We demonstrated that cell-targeted GNRs convert NIR irradiation into the rapid and local temperature elevation which can trigger physiological changes in the cell membrane evoking neural activities of cultured neurons and rat motor neurons in vivo. Once antibody-conjugated GNRs are attached to the cell membrane, strongly bound GNRs are found to be effective for photothermal NIR stimulation as it can provide a lower stimulation threshold and a faster neural activation compared to the case of optical stimulation without an aid of GNRs. In vivo experiment of rat whisker movement verified the possibility of modulating the neural cells and tissues by combination of NIR stimulation and targeted GNRs.
While the underlying mechanism of NIR stimulation associated with GNRs is not clear yet, recent evidences have shown that any heat-related physiological change seems a key factor. Shapiro et al. have shown that transient heat variance near the cell membrane induces a change in membrane capacitance, leading to a membrane depolarization even without an aid of ion channels [11] . Huang et al. also showed thermal activation of temperature sensitive ion channel (e.g. TRPV1) can trigger action potentials in cultured neurons [4] . Our subsequent study will be more focused on the analysis of NIR stimulation mechanism in a quantitative way. 
